Mild treatment of chick embryo and L cells with proteases resulted in decreased induction by poly(rI).poly(rC) of interferon and of antiviral resistance, as well as in reduced uptake of [aH]-poly(rI).poly(rC). The enzyme treatment of the cells neither significantly affected their sensitivity to exogenous interferon nor suppressed interferon induction by a virus inducer. The supernatant fluid from the trypsintreated cells contained a substance which complexed with poly(rI), poly(rC), resulting in inhibition, but not in irreversible inactivation, of its interferon-inducing ability. The induction was also inhibited when the cells were first incubated with the inducer and then treated with trypsin. Since trypsin presumably acts primarily on the cell surface, these results are interpreted to indicate that the binding of poly(rI). poly(rC) to cell surface sites and its persistence at the surface for a certain period of time plays an essential role in interferon induction.
INTRODUCTION
The interaction of animal cells with poly(rI), poly(rC) has been studied by investigators to elucidate the mechanism of interferon induction, and increasing attention is being paid to the role of the cell surface. The binding of poly(rI), poly(rC) to the cell surface was shown to be essential but not sufficient for interferon induction (Bausek & Merigan, I969; De Clercq, Wells & Merigan, I972) . There may be cellular receptor sites for doublestranded RNA, whose binding to the inducer leads to interferon induction (Colby & Chambeflin, I969; De Clercq et al. 1972) , although much of the cell-binding of the polynucleotides appears to be non-specific, that is, not essential for interferon induction (Bausek & Merigan, I969) . We described previously (Kawade & Ujihara, I969; Kawade et al. •972) an antagonistic action of non-inducer RNA against inducer RNA, which was interpreted to indicate a competition between them for the cellular binding sites. De Clercq & De Somer (I973) found recently that poly(rI).poly(rC) bound to cells that are more sensitive to its inducer action appeared to be more accessible to ribonuclease, and suggested that poly(rI).poly(rC) persisted longer at the surface of those cells. It was shown, though not definitively, that poly(rI).poly(rC) needs only to interact with the cell surface to elicit interferon induction, as poly(rl), poly(rC) bound to a cell or a solid substrate was active as an inducer (De Clercq & De Somer, I972; Pitha & Pitha, I973; I973) . * Present address: Public Health Research Institute of Kobe City, I-Kano cho, Ikuta ku, Kobe 65o, Japan.
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M. MATSUYAMA
In the present study, cells were subjected to mild treatments with proteolytic enzymes, which were presumed to result primarily in cell surface modification (Burger, 1969; Inbar & Sachs, t969) , and the induction by poly(rI).poly(rC) of antiviral cellular resistance and interferon was examined. Also, cellular uptake of [ZH]-poly(rI).poly(rC) was investigated after the protease treatment or in the presence of non-inducer RNA.
METHODS
Cell culture, virus and interferon. Primary or secondary chick embryo cells and L cells were grown in Eagle's minimal essential medium (MEM) containing 5 to Io % calf serum, as described previously (Fukada et al. I968; Kawade et al. I972) . Mouse embryo cells were obtained by trypsinization of I5 to I8 days old embryos and grown in MEM-Io % calf serum. Cells from the 4th passage was used in this experiment. Interferon was assayed by the plaque reduction method using VSV (bovine vesicular stomatitis virus, New Jersey serotype). The chick interferon was obtained in chick cell culture by infection with Sindbis virus and concentrated by zinc acetate precipitation (Lampson et al. I963) . For virus interferon induction, NDV (Newcastle disease virus, Miyadera serotype) was used for L cells, and u.v.-irradiated NDV for chick cells. One interferon unit as defined in this paper was found to correspond to o. 3 reference research unit.
Polynucleotides. Poly(rI) and poly(rC) were purchased from Miles Laboratories (Elkhart, Indiana) and Sigma Chemical Co. (St Louis, Missouri), respectively. Poly(rI). poly(rC) was prepared as described previously (Kawade et al. I972) .
[3H]-poly(rI).poly(rC) (poly(rC)-labelled, sp. act. o.Io2#Ci/#g) was purchased from Miles Laboratories. Its activity to induce interference was found to be similar to that of unlabelled poly(rI), poly(rC) preparations.
Enzyme treatment. Monolayer cells were incubated with an appropriate amount of trypsin (5 × crystallized, Sigma Chemical Co.) or pronase (Kaken-Kagaku, Tokyo) in MEM for 5 or I5 miu at room temperature, and suspension cells with trypsin at 37 °C or on an ice-bath. Twice as much soybean trypsin inhibitor (2 × crystallized, Sigma Chemical Co.) was then added and the cells were washed 3 to 6 times with Earle's salt solution. For preparation of 'trypsinate', suspension cells (2 to 5 × Io 6 cells/ml) were incubated, unless otherwise indicated, with 1oo/zg/ml of trypsin for 3o min at 37 °C, and the ceils were centrifuged after the treatment with Ioo/zg/ml of trypsin inhibitor. Mock-treated supernatant fluid of cells with MEM alone was used as control fluid in the presence of the equal amount of trypsin and its inhibitor. All these treatments with enzymes caused no cell injury detectable by a dye exclusion test.
Determination of antiviral activity and interferon induction by poly(rI).poly(rC).
An appropriate amount of poly(rI).poly(rC) in MEM (streptomycin or kanamycin was omitted (Fukada et al. 1968) ) was applied to monolayer or suspension cells for 2 h at 37 °C in the presence of protamine sulphate (Nakarai Chemical Co. Kyoto). After changing to fresh medium, MEM containing 1% calf serum, incubation was continued overnight at 37 °C. Antiviral cellular resistance and interferon production of the treated cells were measured using the VSV plaque reduction assay.
Determination ofpoly (rI A) at room temperature, then with o'o2 #g/ml of the inducer for 2 h at 37 °C with protamine after extensive washings and the addition of soybean inhibitor. In the absence of protamine, I'o #g/ml of the inducer was added after trypsin treatment for I5 min at room temperature (11 II). They were challenged with VSV after overnight incubation with the fresh medium. The plaque numbers obtained are indicated as ~ of control (without the inducer treatment). The protease treatment alone had no effect on VSV plaque numbers (mean values for three cultures).
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were used as suspension, they were incubated with [ZH]-poly(rI). poly(rC) for 2" 5 h at o °C in conical tubes, washed twice with PBS by sedimentation, extracted with cold 0.2 N-PCA and collected on Millipore filters (HA o.45 #m) with extensive washing with cold o-2 N-PCA. The coverslips or the filters were counted in toluene scintillator using a Beckmann liquid scintillation counter.
RESULTS

Effect of pre-treatment of cells with proteolytic enzymes on antiviral resistance and interferon induction by poly(rI).poly(rC)
When chick embryo monolayer cells were briefly treated with low concentrations of trypsin or pronase, antiviral resistance induced by subsequently added poly(rI).poly(rC) was markedly suppressed. As shown in Fig. I , the suppression of VSV plaque numbers induced by 0-02 #g/ml of poly(rI), poly(rC) was 90 % in control cultures, and decreased to 50 and 3 ° % in cultures pre-treated with Io/zg/ml of trypsin for 5 or I5 min at room temperature, respectively. Pronase treatment also showed a similar effect (Fig. ~) . About Io #g/ml of trypsin was sufficient to cause the maximal change of sensitivity of the cells when poly(rI), poly(rC) subsequently added was at concentrations just sufficient to induce plaque reduction. The monolayer cells were not detached from the glass by these enzyme treatments. An experiment using mouse embryo monolayer cells gave a similar result (Fig. 2) , showing that the effect was not confined to chick embryo cells. * Chick embryo cell suspensions were prepared by EDTA and L cells by pipetting. t Concentrations of poly(rI).poly(rC), IO #g/ml in CEC and I #g/ml in L cells in the presence of io #g/ml of protamine sulphate.
The cell suspensions (z to 5 × Io ° cells/ml) were treated with trypsin as indicated in the Table, then soy bean inhibitor was added. The cells were washed three times by sedimentation and incubated with the inducer for z h. The interferon activity of the supernatant fluid, after overnight incubation at 37 °C with gentle shaking, was assayed using VSV plaque reduction method. No interferon was detectable in control cultures (without poly(rI).poly(rC) or trypsin alone). Chick embryo monolayer cells were treated with trypsin for 5 rain at room temperature before interferon induction by u.v. irradiated NDV. Suspended L cells were pre-treated with trypsin for 3o min at 37 °C before infection with NDV. The culture fluid was harvested at 24 h p.i., held at pH 2 for z days to inactivate the virus, and assayed for interferon by VSV plaque reduction.
In our studies on RNA-induced interference (Fukada et al. 2968; Kawade & Ujihara, I969; Kawade et al. I972) , protamine sulphate was often used to enhance the antiviral activity of poly(rI), poly(rC). If any protease remained on the cell sheets after washing, it might break down the protamine and bring the poly(rI), poly(rC) action to the unenhanced level. Higher concentrations of poly(rI), poly(rC) (2 #g/ml) induced the antiviral resistance without protamine sulphate. As shown in Fig. 2 , the effect of trypsin was observed also in this case, so the possibility described above is unlikely.
Next, experiments were performed to see whether the interferon induction was actually suppressed in the enzyme pre-treated cells. In this case, higher doses of poly(rI), poly(rC) and trypsin were required. Monolayer cells could not be used because of detachment from the glass by trypsin, so cells were used as a suspension. As shown in Table ~ , the amount of interferon induced by the polynucleotides was decreased in the enzyme pre-treated chick and L cells. The decrease of the interferon titre to 4 or less was regarded as clearly significant. The treatment with 2o #g/ml of trypsin for 5 min at room temperature, or 6o min at 4 °C was observed to suppress interferon induction, but IOO/zg/mt of trypsin for 3o rain at 37 °C was usually employed to obtain constant results. Under these conditions of treatment, more than 9o % of the cells remained viable, as shown by trypan blue staining.
It is well known that poly(rI), poly(rC) at higher concentrations causes a toxic effect on cultured cells (Kawade et al. 2972; Stewart et al. I972) . Such cell damage was also prevented in trypsin-pre-treated cells. The observed suppression of interferon induction by poly(rI), poly(rC) in trypsin-treated cells might conceivably be due to a general injury of cells, but the injury, if present, was not so intense as to cause permanent damage to cells, because the ceils regained their ability to produce interferon after overnight incubation in culture medium containing 5 ~o calf serum. Moreover, interferon induction using a virus inducer was not affected in the enzyme-pretreated cells. In Table 2 , it is shown that the amounts of interferon induced by u.v.-irradiated NDV in chick embryo monolayer cells and by NDV in suspended L cells were not changed from untreated control cells.
it
Absence of effect of trypsin pre-treatment of cells upon subsequent action of exogenous interferon
If there were any residual trypsin remaining on cells in the experiments described above, might degrade the interferon molecules produced thereafter or inhibit their action, Chick embryo monolayer cells were treated with trypsin for 5 min at room temperature. In Expt. A, washed cells were treated with 2 units/ml of interferon overnight and in Expt. B with 50 units/ml for 5 h, then overnight with fresh MEM containing I ~oo calf serum. The cultures were then challenged with VSV. treated with Ioo/~g/ml of trypsin for 3o rain at o or at 37 °C (trypsinate A and B, respectively). I #g/m1 of poly(rI), poly(rC) was pre-incubated for 60 min at 37 °C (Expt. I) or for I2O min at o °C (Expt. 2), with the trypsinate, control fluid or MEM, in the presence of IO #g/ml of protamine sulphate. Then the diluted samples of the mixture were added to L cells to induce antiviral resistance, according to the usual method. Data are indicated as percentage of control plaque numbers of VSV.
resulting in an apparent loss of interference induction. Chick interferon was applied to trypsin-treated chick monolayer cells, either at low doses overnight, as usually employed for the purpose of interferon titration, or at a high dose, 5o units/ml, for 5 h. The latter condition was used with the aim of excluding a repairing effect of the cell surface during prolonged incubation. In both cases, the action of the exogenously added interferon in trypsin-we-treated cells was not changed (Table 3 ), so the possibility described above was eliminated.
Interaction of trypsinate with poly(rI) .poly(rC)
If the cellular sites that interact with poly(rI), poly(rC) are released into the supernatant fluid of trypsin-treated cells (the 'trypsinate'), they might form a complex with poly(rI). After pre-incubation of poly(rI), poly(rC) with or without trypsinate for 2 h at 0 °C, each reaction mixture was divided into 2 parts. One was added as such to L cells, and the other was extracted with 8o ~ phenol three times, followed by ether, before addition to L cells.
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poly(rC) in a cell free mixture and inactivate its inducing activity. The trypsinate from chick or L cells, in fact, was found to inactivate poly(rI), poly(rC) when it was incubated with I #g/ml of the inducer at o °C for 2 h (Table 4)-Trypsin alone or trypsin mixed with the trypsin inhibitor caused no direct inactivation of poly(rI).poly(rC), excluding their contamination with ribonuclease or some interfering substance. Also, by use of Sephadex G Ioo gel filtration, trypsin and its inhibitor could be removed from the trypsinate without losing the capacity to interact with poly(rI), poly(rC).
The control fluid from chick cells not treated with trypsin showed a weaker inactivating action on poly(rI), poly(rC) ( Table 4 ). The nature of the responsible factor is not clear, but it may be possible that the same poly(rI).poly(rC)-binding substance as the one in the trypsinate is spontaneously and slowly released from the cell surface into the medium.
To see whether the poly(rI), poly(rC) was reversibly or irreversibly inactivated by mixing with the trypsinate, the polynucleotides were recovered from the mixture by 8o % phenol. As shown in Table 5 , they had an unimpaired activity to induce antiviral resistance in L cells. That is, poly(rI).poly(rC) was not simply degraded to inactive molecules in the trypsinate, but must have formed a complex with some component, resulting in masking of its inducer activity.
Uptake of poly(rI).poly(rC) by cells
The uptake of radioactive poly(rI).poly(rC) by chick embryo cells in the presence of protamine sulphate was measured to clarify the cell interaction with poly(rI), poly(rC) more directly. Under the experimental conditions used, the uptake of radioactive nucleic acid at 37 °C was not inhibited by actinomycin D during 6 h at least. This means that the uptake being measured is not due to reutilization of degraded products of the polynucleotides for host cell RNA synthesis (Colby & Chamberlin, 1969; De Clercq & De Somer, I973) . At o °C, [3H]-poly(rI). poly(rC) was taken up by the monolayer cells with a two to threefold lower efficiency than at 37 °C. The uptake at the lower temperature may be a measure of the binding process to the cell surface and probably does not include the penetration process. As shown in Fig. 3 , the uptake of [3H]-poly(rI).poly(rC) at o °C was saturated at about Ioo #g/ml, indicating the presence of a finite number of attachment sites. The saturation dose for the binding is clearly much higher than that for the interference induction, because o.I #g/ml of poly(rI).poly(rC) showed the maximal interferon induction (Kawade et al. i972 ). Pre-treatment of cells with 5o #g/ml trypsin for 5 min at room temperature resulted in a decrease of 2o % or less of the uptake. In the case of suspension cells, on the other hand, 50 % suppression of the uptake was seen by 30 #g/ml of the enzyme and 75 % by Ioo Chick embryo monolayer cells were incubated with I #g/ml of poly(rl), poly(rC) for 2 h at 37 °C, and then, either immediately or after 2 h at 37 °C, were treated with IO #g/ml of trypsin for 5 min at room temperature. The antiviral resistance was assayed as described in the legend to Fig. I. and 300/zg/ml, as shown in Fig. 4 . Thus, in monolayer, as well as in suspension cells, the interferon induction appeared to be more sensitive to the action of trypsin than the uptake of the polynucleotides at o °C. One way of interpreting this may be that the uptake observed included both the specific and non-specific binding of poly(rI), poly(rC) to the cells and the specific binding that leads to interferon induction is more sensitive to the enzyme. Kawade et al. (I972) have shown that ineffective yeast RNA had an antagonistic action to effective poly(rI), poly(rC). To see whether this phenomenon is related with the process of uptake, non-labelled yeast RNA was introduced into the culture media before, simultaneously with, or immediately after, the treatment with poly(rI), poly(rC) for 2 h at 37 °C. As shown in Fig. 5 , the uptake of [aH]-poly(rl). poly(rC) was 63 and 85 % inhibited by 5o and 5oo #g/ml, respectively, of yeast RNA added simultaneously. A smaller degree of inhibi- . poly(rC), and no inhibition by pre-treatment with yeast RNA. These results are in harmony with the previously reported results which showed that the ineffective yeast RNA antagonized the induction process by poly(rI), poly(rC) when added simultaneously with or after the inducer, but no effect was observed when added before the inducer. These results support the inference that the effective and ineffective RNA compete for the cellular binding sites.
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Effect of trypsin after incubation with poly(rl).poly(rC)
The foregoing results suggest that trypsin cleaves some substance, probably from the cell surface, which is able to interact with poly(rI).poly(rC) for subsequent interferon induction. An experiment was carried out to see if continued presence of the inducer at the outer cell membrane was necessary for the intracellular events for interferon induction to proceed. Cells were treated with poly(rI), poly(rC) for 2 h, and then trypsin was applied to cells immediately or 2 h after removal of the inducer. Table 6 shows that the development of cellular resistance was strongly inhibited when the cells were trypsinized even 4 h after starting the inducer treatment. A possible explanation of this result may be that trypsinization removes some bound poly(rI), poly(rC) from the cell surface, whose persistence on the surface for a considerable period is necessary for successful interferon induction.
DISCUSSION
In the present report, it was shown that antiviral cellular resistance and interferon induction were markedly suppressed in trypsin-we-treated chick or mouse cells. The binding of [aH]-poly(rI). poly(rC) with chick embryo cells was also reduced in the enzyme pre-treated cells, although to a lower extent than interferon induction. Since the mild treatment of cells with trypsin used in the present experiments is presumed to attack primarily the cell surface (Burger, I969; Inbar & Sachs, i969) , it may be concluded that an interaction of poly(rI).poly(rC) with the cell surface has an essential role in interferon induction, in agreement with other investigators (Bausek & Merigan, I969; De Clercq et aL I97Z; De Clercq & De Somer, r972, I973; Harper & Pitha, I973; Pitha & Pitha, I973; Taylor-Papadimitriou & Kallos, 1973) . The presence of poly(rI).poly(rC)-binding sites on the cell surface was supported by the finding that the 'trypsinate' (the supernate fraction from trypsin-treated ceils) contained a substance(s) which formed a complex with poly(rI). poly(rC), resulting in masking, but not irreversible inactivation, of its interferon-inducing activity.
However, a number of other possible mechanisms could explain the effect of protease action on cells. For instance, if there were any protease remaining on or in the cell after washing, it could destroy the interferon produced afterwards. The possibility that intracellular penetration of trypsin may affect the synthesis of interferon molecules is not preferable, because the effect of the enzyme is also marked at low temperature which did not allow the uptake of the enzyme (Hodges, Livingston & Frankes, 1973) . Moreover the action of exogenous interferon was not affected in the protease-treated cells. The general injury to cells by protease resulting in reduced interferon production was also excluded by the finding of undiminished interferon induction using virus inducers.
Although the binding of poly(rI).poly(rC) to the cell surface thus appears essential for interferon induction, it may include non-specific binding unrelated to the induction, as noted by various other investigators (Bausek & Merigan, I969; De Clercq et aL I972; De Clercq & De Somer, 1973; M. Matsuyama, unpublished observations) . The saturation
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513 dose of poly(rI), poly(rC) for the binding in bulk was much higher than for the interferon induction. Also, non-inducer yeast RNA added simultaneously with or subsequently to poly(rI).poly(rC) antagonized the uptake of the latter, suggesting non-specific binding of the non-inducing RNA to the binding sites, competing with poly(rI), poly(rC). The process of the RNA binding therefore appears to be largely non-specific and the majority of poly(rI). poly(rC) molecules bound to cells may not be directly involved in the interferon stimulation (Bausek & Merigan, I969) .
The presence of the specific receptor which has the capacity to trigger interferon induction was not established. In the present report, the specific binding of poly(rI), poly(rC) seemed to be more readily inhibited by the action of trypsin than the bulk binding. The' trypsinate' prepared in the present condition may include both non-specific and specific binding sites. These sites are readily released from cells, since the enzyme treatment at low temperature was effective and control culture fluid were sometimes able to have a similar effect, although lower than the 'trypsinate'. Recently, De Clercq & De Somer (I973) found that the specific binding of poly(rI), poly(rC) to cells was more susceptible to exogenous ribonuclease.
The antiviral cellular resistance induced by poly(rI).poly(rC) was suppressed markedly when trypsin added to cells immediately, or even 2 h, after the inducer treatment. Also, the uptake of [~H]-poly(rI). poly(rC) and interferon induction by the inducer were both antagonized by non-inducer yeast RNA added to cells after the inducer treatment. These results suggest, although indirectly, the necessity of persistence of the inducer for interferon induction at least during an early phase of the induction process. A correlation between antiviral activity and persistence of poly(rI), poly(rC) at the cell surface has also been discussed by others (De Clercq et al. 1972; De Clercq & De Somer, I973) . It is conceivable that the inducer does not enter into cells to elicit the interferon response but triggers it from the cell surface (De Clercq & De Somer, 1972; Pitha & Pitha, 1973; Taylor-Papadimitriou & Kallos, I973) , although the polynucleotides may eventually enter the cells, possibly to be degraded there.
It now appears clear that an interaction between poly(rI), poly(rC) and the cell surface plays a definitive role for interferon induction. Interferon induction by poly(rI).poly(rC) in chick and L cells may have a similar trigger mechanism to immune induction of interferon in lymphocytes by plant lectins and other agents, which are known to activate the lymphocyte through their binding to the cell surface. Whether a similar mechanism operates in the interferon induction by virus inducers remains to be elucidated. 
